Abstract: Acoustic data has long been harvested in fundamental voice investigations since it is easily obtained using a microphone. However, acoustic signals alone do not reveal much about the complex interplay between sound waves, structural surface waves, mechanical vibrations, and fluid flow involved in phonation. Available high speed imaging techniques have over the past ten years provided a wealth of information about the mechanical deformation of the superior surface of the larynx during phonation. Time-resolved images of the inner structure of the deformable soft tissues are not yet feasible because of low temporal resolution (MRI and ultrasound) and x-ray dose-related hazards (CT and standard xray). One possible approach to circumvent these challenges is to use mathematical models that reproduce observable behavior such as phonation frequency, closed quotient, onset pressure, jitter, shimmer, radiated sound pressure, and airflow. Mathematical models of phonation range in complexity from systems with relatively small degrees of freedom (multi-mass models) to models based on partial differential equations (PDEs) mostly solved by finite element (FE) methods resulting in millions of degrees-of-freedom.
INTRODUCTION
The human phonation process is a complex interaction between the flow through the larynx, the vibrating vocal folds and the generated sound. By compression of the lungs air flow is generated which flows through the glottis being located inside the trachea. Air flow is a major mechanism of energy transport between exhaling air and vocal fold motion inside the larynx. When physiologic and geometric conditions are right, self-oscillation of the vocal folds initiates a pulsating air flow. Fig. (1) shows a frontal cut through the larynx displaying in Fig. (1a) the anatomical components and illustrating in Fig. (1b) the sound sources that exist in phonation. Basically, we differentiate between of the vocal folds (see, e.g., [1] ) or more complex vibrations with many oscillatory modes (see, e.g., [2] [3] [4] ). The second approach consists in models based on the underlying partial differential equations (PDEs) of the flow, the structural vibrations of the vocal folds and the acoustic field. Due to limitations in computer resources, full coupling between all three fields for realistic geometries is currently not feasible. This review will present various models and their solution methods (see, e.g., [5] [6] [7] [8] [9] [10] ).
The aim of the review article is to provide an overview of mathematical models and their applications. Therewith, we will describe the different models used in Sec. 2 and in Sec. 3 the results of these approaches. Finally, we will provide a discussion about the models with respect to the used geometry, boundary conditions, material properties, their verification, and reproducibility.
MATHEMATICAL MODELS OF HUMAN PHONATION

Multi-Mass Models
The key idea of the multi-mass model is to divide the vocal fold tissue into small portions of masses and then couple the neighboring masses via springs. Flanagan and Landgraf [1] modeled the vocal fold vibrations with a single mass-spring oscillator driven by airflow from the lungs (see Fig. 2a) . The model produced self-sustained oscillations under the condition that the acoustic impedance of the vocal tract is inertive. Because of its single degree of freedom, this Titze (1973 Titze ( , 1974 .] model does not produce the vertical phase difference needed for efficient flow-induced oscillation. Ishizaka and Flanagan [11] introduced a two-mass model that simulates the core mechanism of the vocal fold vibrations such as the phase shift of lower and upper edges of the vocal folds introduced by Stevens [12] (see Fig. 2b ). The resulting wave-like motion allows an efficient energy transfer from the airflow to the vibrating vocal folds [13] , enabling self-sustained oscillations with or without the vocal tract. This model has been widely used as a simple reduced order model of the vocal folds. Asymmetry between the right and left vocal folds was later introduced by Ishizaka and Isshiki [14] into the two-mass model to study various pathologies. Steineke and Herzel [15] simplified the asymmetric two-mass model of Ishizaka and Isshiki to study nonlinear dynamics and bifurcations of the vocal fold model. Döllinger et al. [16] developed a method to estimate the parameter values of the Steineke-Herzel model that may correspond to endoscopic image series of the vocal folds. Despite its simplicity and efficiency, the weakness of the two-mass model is its lack of direct physiological correlation between the spring stiffness and the effects of muscle contraction. To better link the model to physiology, Story and Titze [17] introduced a three-mass model close based on the body-cover theory of Hirano [18, 19] . Parameter values may be in close correspondence to physiological measurements. Titze and Story [20] further developed rules for controlling the parameters of the three-mass model according to muscle activity, which successfully reproduce Hirano's four baseline phonations cases [18] . Adachi and Yu [21] introduced a onemass model that can vibrate both parallel and perpendicular to the airflow and applied it to soprano singing. The idea of a smooth borderline between the edges of the vocal fold was introduced by Childers [22] to a one-mass model, which simulates voice pathologies as well as vocal fry. Lous et al. [23] also utilized a smooth geometry in the two-mass model, and applied it to prosthesis design.
Another important approach to the multi-mass modeling of the vocal folds has been provided by the mucosal wave model [13] . This model assumes small-amplitude oscillations of the vocal folds and represents the oscillatory motion as a surface wave propagating in the direction of the airflow. The dynamics are described only in terms of the displacement of the midpoint position of the vocal fold and its velocity. This simplification enables analytical treatment for understanding the basic principles of the vocal folds dynamics. Although the small-amplitude restriction means that the model applies only to oscillations with slightly abducted vocal folds without glottal closure, the model is valid for falsetto and breathy voice and has been shown to be useful for establishing the oscillation threshold condition [13] . The model has been updated and extensively used in analytical studies [24] [25] [26] [27] as well as in full simulations of the vocal folds [28, 29] .
The multi-mass models with limited degrees of freedom such as one-mass, two-mass, and three-mass models are reduced order models of the vocal folds. Extensions of the simple models to more complex models have also been made. Titze [2, 30] represented both the vertical and longitudinal modes of vocal fold vibrations with a sixteenmass model. This model consisted of eight coupled longitudinal sections, each with two masses in the coronal plane. The two-masses in each longitudinal section had a vertical degree of freedom which simulated two-dimensional trajectories of the vocal fold. Waves in the longitudinal dimension may be also generated. Koizumi et al. [3] described several variations of the simple two-mass model with longitudinal discretization to synthesize more natural sound. Wong et al. [31] combined the two-mass approach with longitudinal discretization and created a ten-mass model to study voice pathologies. Kob [4] modified the sixteen-mass model [2] to simulate various singing voices. A general formula for a L M N point mass model has been described by Titze [32] , where L is the number of masses in the medio-lateral direction, M is the number of masses in the anterior-posterior direction, and N is the number of masses in the inferior-superior direction (see Fig.  2d ).
Reduced order models capture the essence of the vibration mechanisms, which is hidden in the complex oscillation of the vocal folds. Since the number of model parameters is limited, low-dimensional model results have a weak dependence on parameter selection. Low-dimensional models are also appropriate to study the nonlinear dynamics [33] of vocal fold vibrations. Reduced order models are of course limited in geometrical details and the number of oscillatory modes which are present in the real vocal folds. In contrast to low-dimensional models, the advantage of the complex high-dimensional models is that they describe anatomical and physiological structures of the real vocal folds in detail. They produce the main oscillatory modes and also many other complicated spatial-temporal modes, which exist in real vocal folds. Such detailed models involves many parameters, whose values are still not precisely known.
To describe the flow inside the glottis, a simple mathematical model is usually preferred in multi-mass modeling. Assuming a quasi-steady and incompressible flow, Bernoulli's equation is widely applied. For the computation of the pressure distribution within the glottis, a prior computation of the location of the flow-separation is crucial. In particular, during the closing phase of the phonatory cycle, the glottal walls take a diverging shape that creates a flow-separation somewhere along the diverging walls. Position of the flow-separation point has a strong influence on the vocal folds oscillation, because it determines not only the volume flow velocity but also the aerodynamic force acting on the vocal fold tissues. The flowseparation was also found to have a positive effect on the lowering of the phonation threshold pressure, making it easier to create self-oscillation of the vocal folds [34] . In Ishizaka and Flanagan's model (1997), flow-separation was located at vocal fold edges that are fixed in space. Then, Pelorson et al. [35] introduced a model of moving flowseparation point based on a boundary-layer theory and applied it to a two-mass model. Introduction of the flow model to compute the moving separation point made the simulated signal quite similar to the real glottal signal. Later, simplified technique for computing the moving flowseparation point based on a geometric criterion has been also developed [23] . Here the flow-separation is located at a point, where the glottal area is related to the minimal glottal area with a constant ratio, referred to as separation constant. Although some discrepancy can be created between the precise flow model and the simplified geometric model, the geometric models are nonetheless found to be quite useful for realistic simulation of the vocal folds and therefore widely used [23, 36] .
A more sophisticated approach is presented by Tao and Jiang [37] , which combine the Navier-Stokes equations and a two-mass model for the vocal folds and compare this to a Bernoulli based approach.
PDE Based Models
The partial differential equation (PDE) based modeling approach is aimed at resolving all physical details of the phonation process in space and time. Therewith, the PDEs of the flow, structural mechanics and acoustic fields with all their relevant interactions have to be solved. As displayed in Fig. (3) fluid forces act thereby on the neighboring vocal folds, which are deformed and thereby influence the velocity of the adhering fluid particles. Due to the solid deformation, the fluid domain changes and has to be adapted. The fluidacoustics interactions are described by aeroacoustics (flow induced sound) and the solid-acoustics coupling by claiming coincident surface velocity (acceleration). However, due to the enormous complexity, current PDE based approaches use many simplifications. For most PDE based models, the finite element (FE) method has been used to numerically solve the arising PDEs, including their couplings.
A first continuum mechanical model was described by Alipour et al. [5] using the FE method for the computation of the vocal fold vibrations. In their 2D model the mechanical field was discretized with finite elements and the fluid forces were modeled based on Bernoulli's equation. A comparison between a Bernoulli and a 2D Navier-Stokes solver was discussed by Vries et al. [38] with a hemilarynx model (i.e. half larynx). For a pure flow field simulation in the larynx, several numerical models are available, e.g. [39] [40] [41] . Thomson et al. [42] used a hemilarynx continuum mechanical model to clarify the causes for self-sustained vocal fold oscillations. They confirmed that a cyclic variation of the glottis profile from a convergent to a divergent shape is a key factor for self-sustained vocal fold oscillations. Tao et al. [6] applied a collision model with fluid-solid interaction within a strongly coupled fluid-solid algorithm to treat the interactions. Fully three dimensional (3D) coupled simulations to analyze human phonation are very challenging for current computing resources. A 3D fluid-solid coupled model based on the FE method was done by Rosa et al. [7] . The authors clearly demonstrate the selfsustained vocal fold oscillations, although the grid for the flow computation was quite coarse. The first fluid-solid interaction model with fully resolved flow computation was done by Luo et al. [43] . They used a realistic 2D setup and applied the immersed boundary (IB) method for fluid-solid interaction. Their results are quite similar to the one presented by Link et al. [10] , especially in that they were also able to obtain the so-called Coanda effect ( [44, 45] ). Therewith, the jet shows significant asymmetry and attaches stochastically to either side of the pharynx wall. This phenomenon is caused by a minor asymmetry of the jet in the geometrical configuration which induces a pressure field leading to a curvature of the jet. The curved streamlines strengthen the pressure gradient normal to the mean flow direction. Thus any initial disturbance is reinforced forcing the jet to attach to the curved wall.
Beside the fluid-solid interaction, the computation of flow-induced sound is a second main challenge. Aeroacoustic sound generation mechanisms have been investigated by Zhao et al. and Zhang et al. [8, 46, 47] . They described the aerodynamic generation of sound in a rigid pipe under forced vibration. The fluid-solid interaction was neglected and they focused on fluid-acoustic coupling based on Lighthill's acoustic analogy, which was solved with an integral method---the so-called Ffowcs Williams-Hawkins (FWH) method [48] . The results based on the FWH method were in good agreement with results based on direct numerical simulations, which solves the compressible Navier-Stokes equations. Further investigation have been presented by Suh et al. [49] . Complementary to these studies, a theoretical approach was proposed by Krane [50] . The acoustic source model was based on a prescribed jet profile using a train of vortex rings and applied to an axisymmetric model of the vocal tract. Bae and Moon [9] applied a 2D axisymmetric model studying the flow and the acoustics in the vocal tract with glottal motion. A hybrid method was applied, describing the flow field via the incompressible Navier-Stokes equations and computing the acoustic field with the perturbed compressible equations. Gloerfelt and Lafon [51] investigate the flow and the acoustic field in a 3D slit-like constricted channel with a DNS model. The channel geometry corresponded to a simplified and up-scaled glottal constriction during phonation. A fully coupled simulation scheme taking into account the interaction between all three physical fields restricted to 2D geometries was done by [10] .
A major problem of PDE based models, which is currently not fully solved, is to take contact between the vocal folds into account. One of the first structural models including contact used a setup of one vocal fold [5] . Therewith, each FE node of the surface of the vocal fold, which reaches the symmetry plane, looses one degree of freedom. Horáček et al. [52, 53] used a low degree-offreedom model for the simulation of vocal fold oscillation. Contact was implemented using a Hertz formulation. In their study they calculated the maximum collision stress versus prephonatory glottal gap width and lung pressure. They obtained values around 2 3 kPa . Rosa et al. and Tao et al. [6, 7] applied a full flow-structural mechanical model. Both used a similar approach: When contact is detected, a force is computed which prevents the concerning nodes from interpenetration. Tao et al. [6] used the more extensive Augmented Lagrangian method as contact algorithm in their self-oscillating 3D half model. The major problem in fluidsolid interaction computations using volume discretization methods (such as the finite-volume or finite-element method) is that the structural side has to ensure that there are no zero-volume (3D) or zero-area (2D) elements. This is achieved by enforcing a minimum gap between the vocal folds by contact formulations. Decker et al. [54] defined a minimal glottal gap of 0.048 mm in a 2D half-model. A rigid target line is defined external from the vocal fold. Luo et al. [43] ensured a gap of 0.2 mm by a kinematic constraint in a 2D model, which uses the immersed boundary (IB) method. In Zheng et al. [55] a sharp-interface immersed boundary method flow solver is coupled to a finite-element method solid dynamics solver for 2D and 3D problems. Furthermore, a penalty coefficient method introduced by Belytschko [56] is implemented to model vocal fold contact. With a fixed pressure at the inlet of 1 kPa , 0 kPa at the outlet and an additional zero gradient normal velocity at both openings, results show a vibration frequency of 242 Hz which can also be seen in the flow spectrum analyses. Based on this method Seo et al. [57] implemented the acoustics in 2D and the sound propagation included the vocal tract and the region around the speaker. With a given fluctuating inlet flow rate they were able to simulate a monopole sound source around the mouth and the propagation into the surrounding region.
SIMULATION RESULTS FROM DIFFERENT MODEL APPROACHES
Three-Mass Model
As an example of low-dimensional multi-mass model, a three-mass model by Tokuda et al. [53] is considered in this subsection. This model was constructed to replicate as closely as possible the sudden chestfalsettotransitions and accompanying voice instabilities, which were observed in experiments with excised human larynges. Registers are one of the most important voice qualities for classifying the type of phonations and the transition between them is essential in the singing voice. The careful study of van den Berg et al. [54, 55] simulated chest and falsetto registers in excised human larynx experiments, which has been recently repeated by Horáček et al. [56] . The three-mass model was designed to capture the gross features of this experiment.
The three-mass model was constructed by adding one additional mass to the two-mass model [11] as shown in Fig.  (4a) ; note that the present three-mass configuration is different from that of Story and Titze [17] , who implemented the body-cover structure in Fig. 2b) . The three masses are suitable for representing these coexistent vibratory patterns, which may correspond to chest and falsetto registers [53] . The main modeling assumptions are (1) the three masses are coupled by linear springs, (2) the air flow inside the glottis is described by Bernoulli's principle below the narrowest part of the glottis [15] , (3) there is no influence of the vocal tract and the subglottal resonances (as in the experiment), and (4) the left and the right vocal folds are symmetric with respect to each other. The model equations are
The dynamical variables xi represent the displacements of the masses mi (lower mass: i = 1, middle mass: i = 2, upper mass: i = 3), where the corresponding glottal areas are given by prephonatory area, l: length of the glottis). The constant parameters represent damping, stiffness, and thickness of the masses mi, respectively, whereas represents the coupling strength between the two masses mi and mj . The effect of collision between the right and left vocal folds is simply described as an additional stiffness c i , which is to force the vocal folds apart from each other (more precise modeling of the collision impact is discussed, e.g., in [50] ). The additional stiffness c i is activated only when the corresponding glottal area a i takes a negative value, where the collision function is given by
. The pressures , which act on the masses m i , and the glottal volume flowvelocity U obey Bernoulli's equation below the flowseparation point, which is defined as the narrowest part of the glottis [15] . Bernoulli's equation is where represents the air density is the subglottal pressure, and is the supraglottalpressure. The narrowest area of the glottis is given by . By setting , the pressures and the flow are obtained as To simulate the excised larynx experiment, a tension parameter is controlled, where determines the size and the stiffness of the second mass in a way that it linearly controls the frequency of the second mass. The other parameter values were adopted from the standard values established in the two-mass models [11, 15] . To integrate the three-mass model equations (1)- (3), a fourth-order RungeKutta method was used. Fig. (4b) shows a spectrogram of the three-mass model by increasing the tension parameter from t = 0 s to t = 50 s and then by decreasing it from t = 50 s to t = 100 s. This resembles the spectrogram of Fig. (4c) , which represents the real experiments with excised human larynx when the vocal folds were symmetrically elongated and shortened. In the direction of increasing , low-frequency oscillationsdominate the spectrogram, whereas in the direction of decreasing higher-frequency oscillations last until they switch to low-frequency oscillations at t = 90 s. This hysteresis is due to the coexistence of the low-frequency and high-frequency oscillations, which correspond respectively to chest and falsetto registers according to the vibratory patterns observed in the simulation. Namely, a complete glottal closure was observed for the chest-like vibrations, whereas glottal area was not completely closed for the falsetto-like vibrations (no figure shown). Irregular dynamics are observed around t = 15 s, whereas short interruption of phonation ("aphonic episode") exists at t = 50 s. These instabilities are also found in the experiment. The simulations therefore reveal that a simple three-mass model can reproduce many of the complex transitions observed experimentally. Since the three-mass model represents just the core mechanisms of the vocal folds oscillations, gross features of the register transitions simulated by the present model are expected to be found commonly in other vocal fold models.
3D Flow and Acoustic Simulations
Based on Lighthill's acoustic analogy a 3D model was developed to compute the flow induced sound within the larynx. Therewith, the incompressible form of the NavierStokes equations was discretized and numerically solved by the finite-volume (FV) method in a cell-centered formulation on a fully block structured grid with the open source computational fluid dynamics (CFD) code OpenFOAM [57] . To fully resolve the flow about 1 million FV cells were used for the spatial discretization. In a second step, Lighthill's stress tensor was evaluated from the results of the flow field simulation [58] and the acoustic field was computed by numerically solving the inhomogeneous wave equation by the FE method on the same computational grid using CFS++ [59] .
The computational setup consists of a rectangular channel with elliptic shaped constriction as sketched in Fig.  (5) (for details of the experimental setup, see [60] ). Under the precondition that Reynolds, Strouhal and Euler number are conserved as given in Table 1 the CFD and CAA computations are coupled by the hybrid approach used by Mattheus et al. [61] . The CFD model has been validated with the experimental results of Triep et al. [60] and by Schwarze et al. [62] . The elliptic constriction reduces the area of the transversal cross-section by a factor of 18 that equals an area blockage of nearly 95%. In the coronal cross section, the constriction is contoured like a nozzle with a smooth convergent entry and a strong divergent exit. As inlet velocity a characteristic wave form as shown in Fig. (6) has been taken. The resulting flow divided up in the three velocity components at probe point P0 (1D,0,0), which is located one channel width D downstream from glottal constriction, are plotted in Fig. (7) . The waveforms are recovered in the streamwise velocity component Additionally, the fluctuations of all velocity components indicate the effects of the induced vortices in the flow. The corresponding normalized frequency spectra of the time series at probe point P0 are displayed in Fig. (8) . In all spectra, a peak with strongest intensity is observed at the base frequency of the prescribed volume flow waveforms. To be pointed out, are the significant larger values of intensity for frequencies with a factor between 30 and 40 times higher than the base frequency. They are generated in the jet shear layer and transported downstream until they decay into smaller structures. The acoustic signals obtained from the aeroacoutsic simulations based on Lighthill's acoustic analogy are provided in Fig. (9) . For all setups,the base frequency of the inflow velocity (135 Hz) is recovered in the spectra of the acoustic sound pressure level (SPL) and their harmonics with lower amplitudes. For the glottal waveform, the spectra of the SPL includes a broadband sound at
From the inspection of the SPL spectra at different locationsin the supraglottal region, it is found that the stochastically generated sound varies in space with the highest amplitude at probe point P0. At this point the flow is quite turbulent compared to the point at outflow or at the glottis. With respect to the results of the investigations by Bae and Moon [9] and Gloerfelt and Lafon [49] for similar flow configurations, our spectra have similar slopes in both the lower (dominated by the base frequency at its harmonics) and the higher frequency part, where the broadband sound is found. Therefore, we conclude that the hybrid model approach is well suited to resolve the main features of the flow and the acoustic spectra in the laryngeal channel.
2D Fluid-Structure Simulations
This section describes results of simulated pulsatile flow in a model larynx that is shown in Fig. (10) by fully taking the flow-structural mechanics interaction into account. The channel height was 2.5 cm with 5 cm inlet duct and 50 cm outlet duct. The vocal fold model had equilibrium height of 1:15 cm with amplitudes ranging from 0 to 0.9 mm. A symmetric flow condition was assumed and only lower half of the channel was discretized. The computational grid was divided into three blocks. Block 1 (inlet) had grid point, block 2 (glottis) had grid points, and block 3 (outlet) had grid points. Results were obtained for various control parameters such as Reynolds number, frequency, amplitudes and phase lead of inferior-superior heights. For the continuum model of vocal fold vibrations, a few assumptions are stated that help to simplify the job The vibration causes small deformations (linear elasticity).
The vibration takes place in a single plane only.
The tissue layers of the vocal fold are either isotropic or transversally isotropic (with the plane of isotropy being perpendicular to the tissue fibers). This assumption is based on measured mechanical properties of the vocal fold tissues.
The effect of grids motion during finite element space integration is neglected, assuming fixed control volume for integration. Fig. (11) shows one cycle of the mean velocities (crosssectional average) at the glottal inlet (U im ) and the glottal outlet (
The phase was varied from -60 to 90 degrees while other parameters were held constant (Reynolds number Re = 1000, frequency , and amplitudes
). There is a reverse flow in a portion of each cycle at the inlet and outlet sections. This is due to the displacement flow caused by the wall motion. The phase difference plays an important role in the flow and motion interaction. Since this is a forced oscillation model, phase changes of the wall motion could have a positive or negative effects on the airflow. At positive phase values a large reverse flow will appear at the glottal exit near the end of the cycle. The effects of phase difference on the transglottal pressure (tgp) are shown in the Fig. (11c) . There is a positive pressure gradient in the direction of flow for positive phase values during closing portion of the cycle. The experimental data on the excised larynx shows this phase is between 60-90 degrees. A phase value of 60 is used for the remaining study
2D Fluid-Structure Simulations with Contact
The contact formulation, which is used, is an augmented Lagrangian method similar to the model of Luo et al. [41] . It is based on an algorithm, which was published by Simo and Laursen [63] . In this algorithm, a standard penalty method is iteratively extended by a distance function until a Lagrange multiplier is found which prevents interpenetration of the corresponding nodes.
The weak formulation for structural mechanics is extended by an augmented penalty regularization term, which reads as follows
In (9) denotes the contact surface, the Lagrange multiplier, the penalty parameter, and a function, which determines the closest projection of a point onto an admissible region and the outward normal of the current configuration
In (9), is regarded as current estimate of the correct Lagrange multiplier. The correct multiplier is found iteratively by updating until g(x) becomes smaller than a prescribed tolerance. The advantage of this method is the better conditioning of the equations compared with the earlier penalty methods. The cost of the method is the use of an additional variable Corresponding to the impact forces, which are transferred between the vocal folds during glottal closure, the flow has to be stopped. A straight-forward way to approximate the flow effects in finite-volume models, where zero-volumes are not possible, is introducing an artificial momentum source when the vocal folds are nearly closed. This (artificial) momentum source SM, which is added to the Navier-Stokes equations, is calculated according to with the loss coefficient Kl, the absolute velocity of the fluid , and the velocity in direction is dependent of the distance between the vocal folds
In (11) is the threshold value for closure, and an arbitrary value with the unit of [kgm 4 ]. The effects of contact are shown on two setups. The first setup just includes the structural contact while the second additionally comprehends the arbitrary loss coefficient for stopping the flow in the glottal gap. The model setup on the structural side includes two contact pairs. Each of them consist of a contact and target area whose normal directions tend toward each other (Fig. (12) , left-hand side). Both of the target areas are located in the glottal gap and form a permanently open channel of 0.1mm. This approach ensures that the mesh in the flow model is not distorted to zero or negative volumes. 
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The closure effects on the fluid side are introduced by an artificial momentum source. The volume in which the loss coefficient is introduced is shown in Fig. (12) (right-hand side, denoted as "glottal region").When the vocal folds distance falls below the threshold distance of 0.1 mm, takes the value of (see (10)).
A full flow-structural mechanical interaction simulation of both setups (with and without the artificial loss) has been carried out with a total simulation time of 90 ms. It can be seen that both of the closure approaches influence each other. When the loss coefficient is used, less structural contact takes place Fig. (13a,b) . That means that already the loss coefficient prevents the vocal folds from touching each other by the missing flow forces during the loss phase. In the five cycles, when-nevertheless-contact takes place, the maximum values of the contact pressure are lower than in the simulation without the loss coefficient. In the latter case, the maximum contact pressure values are 1.8 kPa, which is in the same range as previously reported studies (e.g. [51] ). The spatial distribution of the contact pressure over time can be found in Fig. (13) . It was found that the maximum pressures are located between the nodes 3 and 5 (for their position see Fig. 12) . Temporally, the contact pressures rise rapidly and decrease much slower depending on the position of the node. In this study, the channel between the vocal folds is very small in order to model the vocal fold impact as realistic as possible. Therefore, contact is not activated in each oscillation cycle (for example when the supraglottal flow influences the oscillation vertically so that the lateral movement is reduced).
The flow effect of the artificial loss coefficient can be seen in Fig. (14) . Only if it is present, a complete stop of the In general, the oscillation behavior of the structure is comparable in both setups in terms of oscillation frequency and oscillation form (combined lateral and torsional eigenform). So it depends on the focus of the study which approach is more adequate: For analyzing impact pressures, the simulation should be run without the artificial loss approach in order to avoid the impact energy to be affected by the decelerating effects of the flow momentum source. If the main focus is on the supraglottal flow behavior, the loss coefficient approach can be of good use since it models a real stop of the jet. It can be seen that the lateral side of the jet deflection has a higher tendency to change when the jet stops completely during vocal fold closure. It has to be noted that the flow stop has inertia effects. That means that when the loss momentum source is introduced it will take a certain time until the flow completely stops. On the flow side, the opening coefficient can be approximated using this time. It can be influenced by the dimension of the region ("glottal region" in Fig. 12 ) in which the source is introduced and by the value of .
2D Fluid -Structure -Acoustic Simulations
In the following we will present simulation results for a simplified geometrical model of the larynx. This simulation setup consists of a channel with the two vocal folds, which act as a constriction inside the channel as displayed in Fig.  (15a) , based on Link et al. [10] . Fig. (15b) shows the fine mesh around the vocal folds, which is necessary to accurately resolve the fluid flow. Approximately 45000 quadratic finite elements are used to resolve the fluid, which results in about 400000 degrees of freedom. For structural mechanics the vocal folds have been divided into three different layers, the body, the ligament and the cover. Each have different elasticity modulus to model the real physiology more accurately. For body, ligament and cover the elasticity moduli were set to 21 kPa, 33 kPa and 12 kPa respectively. To simulate the pressure, the lungs build up, a pressure gradient from in--to outflow of 1.5 kPa is prescribed. The simulations show the typical self sustained oscillation of the vocal folds during phonation, which is divided into the divergent (opening) and convergent (closing) phase as displayed in Fig. (16) . In Fig. (17) the fluid field can be seen at a characteristic time step. In the transient simulation one can observe, how the jet is stochastically attaching to either side of the trachea wall, which is known as the Coanda effect.
The acoustic sound computation has been separated into a computation of the flow induced sound (using Lighthill's tensor), and into a vibrational induced sound. In a series of simulations the acoustic field of vibrational and fluid induced sound was compared. As can be seen in Fig. (18a) the mechanical induced sound is much smaller than that of the fluid induced sound. Comparing this result with a simulation were the initial glottis width is enlarged to 0.7 mm (see Fig. 18b ) it shows that the bigger glottis results in a much broader acoustic frequency spectrum. Furthermore, no dominant frequency component is recognizable as in Fig. (18a) at about 190 Hz . These results imply the importance of a proper closing glottis for a clear and healthy voice. Furthermore, they show that the fluid flow is the dominant source of phonation, which is hard to proof by measurements.
INVESTIGATION AND COMPARISON OF MODELS
A set of nineteen recent studies was selected in which finite element or other similar methods were used to model the human phonation process. A database was created listing information on modeling assumptions, geometric parameters, numerical implementation (mesh density, element types, time step size, etc.), boundary conditions and applied loads, material properties, verification procedures, analyses performed, number of parameters required to define the model, and number varied.
In some cases, the total number of applicable papers was less than 19 (e.g. only 11 studies involved fluid loading). Averages and proportions based on such cases are stated relative to their respective totals. Finally, it should be pointed out that the following averages and proportions are in regard to reported information, since only reported values can be tabulated.
Geometry
The vocal fold model geometry was presented graphically in all studies. In approximately half of all studies (10 of 19), the external geometry of the vocal fold model was stated specifically, and in sufficient detail to allow independent replication. Two vocal fold geometries were commonly used in vocal fold models. These included the Titze and Talkin geometry (Titze and Talkin, 1979) , and the M5 geometry (Scherer et al., 2001) . Data on the basic geometric parameters used in vocal fold models are shown in Table 2 .
The internal geometry of the vocal folds is an important component of model definition. Vocal fold models consisted of single-layer, double-layer, and models composed of three or more layers. The numbers of models for each group was four, five, and eight, respectively, with two studies being excluded from this group. Of the 13 studies that utilized a vocal fold model consisting of two or more layers, none with artificial loss provided a description of the internal geometry. Of the 19 studies, six (32%) provided geometric data that was sufficiently detailed to allow independent replication of the entire model geometry. These studies all utilized single-layer models. The geometry of subglottal and supraglottal fluid domains is another critical component of model definition. The diameter and length of both the subglottal and supraglottal tracts are required since the lengths of the both tracts have been shown to have an effect on the vibratory response of the vocal folds (Thomson et al. [70] ). Of 10 studies which utilized a fluid model component, only four provided a thorough description of the fluid geometry.
Boundary Conditions
Complete sets of structural boundary conditions were stated in 12 of 19 (63%) of all papers. Nearly all of these (11 of 12), utilized rigid, rectangular boundary conditions for the vocal fold structure, as introduced by Titze and Strong [71] . The accuracy of these boundary conditions was questioned by Hunter et al. [72] , in which transitional regions of soft tissue were utilized to more accurately represent typical human physiology. Cook and Mongeau [73] found that boundary conditions significantly affected the vibratory characteristics of the rectangular vocal fold geometry introduced by Berry and Titze [74] . Typical fluid boundary conditions included no-slip (zero velocity) conditions at fixed walls, matched velocity at the fluid/solid interface, and prescribed pressure inlet and outlet conditions. A symmetry flow condition is also commonly applied to the centerline of the model if the fluid flow is assumed to be symmetric about the mid-sagittal plane. A total of 11 papers utilized a fluid model. Of these, 6 (55%) reported a complete set of boundary conditions. The assumption of symmetric fluid flow was utilized in 9 studies (82%).
Applied Loads
The loads applied to vocal fold models included pressure or forces applied directly to the vocal fold structure, and loads applied to inlets and/or outlets of fluid domains. Of the five studies involving loading in the absence of a fluid flow model, less than one-half provided detailed loading information. For fluid-structure interaction models, the most common loading scheme is to impose a constant pressure differential between inlet and outlet. Of the 11 studies that utilized a flow model, this type of loading was reported in 5 studies (45%). A sinusoidally varying pressure was applied to the inlet flow boundary in one study (Thomson et al. [70] ). in total, 17 studies utilized some type of applied load (as defined above). Of these, 6 studies (35%) provided sufficiently detailed information to allow for independent replication of the load state. 
Material Properties
A linearly elastic three layer-model of the vocal fold requires 12 structural material properties. Nonlinear models require additional parameters. Of the 18 papers that utilized a continuum vocal fold structure, eight (44%) reported a complete set of structural material properties. On average, 80% of structural properties were reported. While much progress has been made in the measurement of vocal fold tissue properties, the majority of material constants are still unmeasured (Titze, [32] ). This necessitates "educated estimates" of unmeasured parameters. On average, 70% of material parameters were found to be based on ad-hoc estimates, an average of seven per study. The range of parameter values utilized in vocal fold models was examined, along with the distributions of reported values. While some parameters were found to span wide ranges, others were characterized within narrow ranges with parameter values reappearing from one study to the next. For example, more than 10 different values were reported in various studies for the transverse stiffness of the thyroarytenoid muscle, with values scattered between 2-100 kPa But the longitudinal shear modulus of the vocal ligament was assigned a value of 40 kPa in every study that has reported a value for this parameter. While the six parameters with the least variation were assigned one of 16 unique values, the six parameters with the largest variation were assigned no fewer than 39 different values. Cook et al. [75, 76] examines the impact and influence of the material parameters and geometries. Additionally, he analyses two assumptions which reduce the number of independent parameters for the vocal fold model-the incompressibility of biological material and the planar displacement assumption. Table 3 provides a summary of material property data that has been reported in the literature. Ranges of experimentally measured tissue parameters (where available for human tissue) are provided for comparison. Table 3 represents reported data only, and is thus incomplete because (1) material property data sets are sometimes incomplete, and (2) some studies parametrically varied material parameters, but reported only extreme values. Because all reported values have been incorporated into 3, this data summarizes the material parameter ranges explored in previous studies, and provides an estimate of the number of independent values that have been used for each parameter.
Model Verification
Computational solutions should be verified for accuracy. Ideally, this is accomplished by comparison with experimental data obtained from a system closely resembling the computational model. However, since phonation models are often used precisely because tissue measurements are difficult or impossible, other methods must often be used. Computational models can be verified by comparison with published results for a similar model, or by comparison between two different numerical implementations (Berry and Titze, [77] ; Alipour et al. [78] ; Cook and Mongeau, [73] ). Validation of all fluid dynamics, structural mechanics and acoustics simultaneously was done by Ruty et al. [79] , showing a good qualitative agreement with low-order models. Cisonni [80] compared one-and two-dimensional models, especially regarding the pressure distribution and flow separation. The work of Scherer et al. [81, 82] provides measurement data for comparison.
The model presented in Sec. 3.5 showed good agreement (see. [10] ) with the experimental setup presented by Gomes et al. [83] , in which a cylindrical body with an elastic thin plate attached to it starts to swivel due to a fluid flow from one side.
Of the 19 papers reviewed, seven (37%) reported direct quantitative comparisons with other sources. Qualitative   Fig. (16) . Computed deformation cycle of the vocal folds, which can be divided in divergent to convergent phase. comparisons alone were made in eight studies (42%). Although a qualitative agreement provides some reassurance, qualitative comparisons alone are not sufficient to verify the accuracy of computational models. Some studies (21%) provided no comparison to any other published research results whatsoever.
Variation of Model Parameters
Vocal fold tissue properties have been observed to vary by several orders of magnitude (Kakita et al. [84] ; Min et al. [85] , Chan et al. [86] , etc.). Systematic parametric variations are useful to assess the influence of the wide variability of measured vocal fold parameters (Berry and Titze [74] ; Cook and Mongeau [73] ). This approach accounts for natural variation and provides additional insight into model behavior. The total number of parameters used to define vocal fold models was found to range between 7 and 108. Typical studies utilized around 20 parameters. The percentage of parameters varied within each study ranged from 0% to 78%. However, most studies (68%) held 85% of model parameters constant throughout the study.
Reproducibility
The omission of geometric information, boundary conditions, or tissue properties may hamper independent replication. However, not all data are equally critical to the model definition. While some parameters vary from model to model, others are nearly the same for all models. All studies were examined to determine if independent replication was possible. They were divided into two categories: 1) reproducible and 2) very likely reproducible. Reproducible studies provided complete information concerning both solid and fluid domains in each the following areas: 1) model geometry, 2) material properties, 3) boundary conditions, and 4) applied loads. Very likely reproducible studies were those for which a) complete information was provided in the majority of the above categories, and b) omitted information could be obtained indirectly from the paper itself (context, allusion, or from examination of presented data), or reasonably estimated based on other similar studies (e.g. air density, tissue density, etc.). It should be noted that other important modeling topics were not included in this assessment (e.g. mesh and time step refinement, governing equations, model validation, etc.). Following the above guidelines, only three studies (16%) were deemed to be reproducible and another four were deemed to be partially reproducible. These findings may be generalized by concluding that 37% of all studies could reasonably be replicated by independent researchers. The reasons for exclusion from this group were remarkably consistent. Lack of geometric information was found in all remaining studies, a lack of applied loading information found in 83%, and lack of complete material properties sets in 75% of these studies. Structural boundary conditions were almost always stated (see Section IV.B), but fluid boundary conditions were omitted in 4 of 8 non-reproducible studies that utilized a fluid model (50%). An overview of reproducibility of different parameters in reviewed studies is listed in Table 4 .
Discussion
A great deal of valuable information may be obtained through the use of finite element vocal fold models, much of which could not be gleaned as effectively using any other methods. The use of finite element methods allows systematic variation of parameters, which cannot be accomplished clinically. The finite element method may provide a more complete understanding of the deformation field and the stress state of the human vocal folds, thus eventually contributing to improved clinical treatment and surgical intervention methods.
Any lack of rigor may hamper progress in future computational efforts. For example none of the vocal fold models reviewed in this study reported the internal geometry of the model. This may be related to the fact that no standard internal and external vocal fold geometry has been developed based on measurements of actual vocal folds. Boundary conditions follow a similar pattern. Nearly all 
CONCLUSION
We have presented an overview about the current state of mathematical models for the human phonation process. Therewith, we have discussed the different contributions based on multi-mass and PDE based models. The obtained simulation results provide a better understanding of the human phonation and will developed in future to valuable tools allowing surgical planning, diagnostics, and rehabilitation evaluations on an individual basis. To achieve this outlook, effort has to be put into reducing the simulation time. This may either by done by simplification as the multimass model or improving algorithms and implementations to make a fully coupled 3D simulation in acceptable time possible. Furthermore, realistic geometries and material properties need to be determined to achieve reliable simulations.
